known of the aetiology of uterine leiomyomas. It is known that there are a number of risk and protective factors for and Department of Obstetrics & Gynaecology, Monash University, against fibroid growth related to oestradiol (reviewed by Melbourne, Victoria 3168, Australia Vollenhoven, 1998) and that there are increased numbers of 1 To whom correspondence should be addressed at: Department of sex steroid receptors in fibroids compared with myometrium Obstetrics & Gynaecology, Monash University, Melbourne, (Tamaya et al., 1985; Wilson et al., 1987; Vollenhoven et al., Victoria 3168, Australia. 1994; reviewed by Anderson, 1998 factors such as the insulin-like growth factor (IGF) family and fibroid and myometrium. From 10 uteri, specimens were epidermal growth factor (EGF) as well as possible chromotaken from small fibroids (<0.5 cm), from the inner and somal and subsequent gene changes within these tumours outer parts of large fibroids (>3 cm), and from myo- (Vollenhoven et al., 1993 , 1995 , reviewed by Anderson, 1998.
Introduction degenerative changes. Other studies by (Forssman, 1976a,b) employing local and intra-arterial injection of 133 Xe demonUterine fibroids or leiomyomata are the most common solid tumours in women, affecting at least 50% over 30 years of strated statistically significantly lower blood flow in uterine fibroids compared to surrounding myometrium. This author age (Wallach, 1992) . Traditionally, fibroids have been treated surgically. Therefore, as a public health issue, these tumours cited the lowered blood flow as a possible contributing factor to degenerative changes frequently seen within these tumours. represent a major problem with 21.7% of all hysterectomies performed in Australia being due to fibroids. The prevalence However, more recent studies using transvaginal Doppler ultrasound have produced differing results to those of Forssman of hysterectomy in Australia is 3.97 per 1000 women, making hysterectomy one of the most common surgical procedures (1976a,b) . These studies reported a lower resistance index (RI) and pulsatility index (PI) in uterine and fibroid arteries in performed (Renwick and Sadhowsky, 1991) .
For a tumour that is so common and so costly, very little is patients with these tumours compared to the uterine arteries at 37°C was performed prior to CD31 and U. europaeus lectin in women without fibroids (Kurjak et al., 1992; Alatas et al., staining. Protein blocking steps included the application of 10% 1997 (Huang et al., 1996) . This correlation between blood lectin chemistry no protein block was required, although the lectin flow and uterine leiomyoma size reported by Huang et al.
was diluted in 1% BSA. After incubation with primary antibody, a (1996) is also supported by others (Sosic et al., 1996 (Sigma) in the case of U. europaeus lectin.
Quantification of immunohistochemical staining

Materials and methods
Sections were viewed using a Zeiss Axioskop microscope and images Patients projected to a Sony PVM1440QM video monitor using a Sony A total of 10 women having hysterectomies for symptomatic CCDIRIS video camera. Digitized images were captured using a multiple fibroids was recruited. All were pre-menopausal, menstruatFujix HC-1000 3CCD high resolution colour camera. Areas of high ing regularly, had not been on any hormonal medication for at least and low vessel density were identified by standard methods (Orre 1 month prior to surgery and the only gynaecological pathology was et al., 1998) . In summary, the full immunostained section was their fibroids. All women were Caucasian. After specimens were examined at low power and regions of high and of low vascular obtained, the uterus was examined histologically and the endometrium density selected. Previous studies have shown that this method reliably dated according to standard criteria (Noyes et al., 1950) .
identifies the region of highest vascular density. Following preliminary For each patient, at least two different fibroid specimens were scanning of each section at low power, identified areas of high and collected with matching adjacent myometrium. One of the specimens low vascular density were imaged at high power and captured for collected was from a fibroid Ͻ0.5 cm in diameter, so-called 'seedling' further image analysis. fibroid, and the entire fibroid was removed. The other specimen was collected from a fibroid Ͼ3 cm in diameter, termed large fibroid.
Vascular area quantification From this fibroid both inner and outer sections were taken. The
The vascularity of fibroids and myometrium tissue was determined selection of matched seedling and large fibroids from multi-leiomyoma as the proportional area of each tissue immunostaining as blood uteri allows for clear comparison of vasculature between fibroids of vessel. Computer images were converted into a thresholded raw differing sizes within the same uterus in addition to comparison binary format, highlighting the immunostained blood vessels with between fibroid and myometrial tissue. minimal highlighting of background tissue staining. These images Ethical approval for this study was obtained from the Monash were then analysed using an in-house computer image analysis Medical Centre Human Research and Ethics Committee B.
program that reported the proportional area of the computer image occupied by immunostained blood vessels.
Immunohistochemistry and lectin chemistry techniques
All tissue specimens were fixed in 10% formalin and embedded in Microvascular density quantification paraffin wax. Tissue blocks were sectioned (5 µm) and sections
Computer images were used to perform manual counts of stained mounted on aminopropyltriethoxysilane (APES)-coated slides. microvessels with each vessel marked after being counted to prevent The endothelial cell markers investigated were CD31 (Dako, duplicate counting of vessels. Vessel counts per field were converted Botany, NSW, Australia), CD34 (Serotec, Australian Laboratory to vessels per mm 2 . Services, Melbourne, Victoria, Australia), factor VIII-related antigen (FVIII) (Serotec) and the U. europaeus lectin (Sigma, Castle Hill, Vascular luminaldiameter quantification NSW, Australia). Hydrogen peroxide (3%) in methanol was applied to tissue sections as an endogenous peroxidase block for 10 min.
Computer images were used to perform manual measurements of the maximum luminal diameter of stained microvessels for which a vessel Tissue digestion with 1 mg/ml pepsin in 3% acetic acid for 15 min negative controls have not been included in Figure 1 .
Comparison of proportional areas stained between regions Statistical analysis using CD31 showed that myometrium had a significantly Data are presented as mean Ϯ SD. Statistical analysis was undertaken greater area stained for blood vessels than small fibroids using the non-parametric Mann-Whitney test. All data collected were (P ϭ 0.03). Data for CD34 were limited by problems with collated and statistics performed using Minitab Release 10.2 with the elevated background staining of myometrial sections (see criterion of statistical significance being P Ͻ 0.05.
Materials and methods). There were no significant differences between the other regions studied. Comparison of proportional Results area stained between regions using FVIII revealed that Vascular area quantification myometrium had a significantly greater area stained for blood Examples of immunostaining with each vascular marker are vessels than both inner (P ϭ 0.04) and outer regions of large fibroids (P ϭ 0.01). Comparison of proportional area stained shown in Figure 1 . All negative controls were completely Inner large Outer large Small fibroid (n ϭ 10) fibroid fibroid (n ϭ 5) (n ϭ 10) fibroid fibroid (n ϭ 5) (n ϭ 9) (n ϭ 9) (n ϭ 9) (n ϭ 9) CD31 1.9 Ϯ b P ϭ 0.04 myometrium compared with inner regions of large fibroids. c P ϭ 0.02 myometrium compared with outer regions of large fibroids. c P ϭ 0.01 myometrium compared with outer regions of large fibroids. d P ϭ 0.02 myometrium compared with inner regions of large fibroids.
d P ϭ 0.01 myometrium compared with inner regions of large fibroids. e P ϭ 0.01 myometrium compared with outer region of large fibroids. e P ϭ 0.006 myometrium compared with outer region of large fibroids. f P ϭ 0.02 myometrium compared with small fibroids.
f P ϭ 0.009 myometrium compared with small fibroids. ND ϭ no data included in study (see Materials and methods); FVIII ϭ ND ϭ no data included in study (see Materials and methods); FVIII ϭ factor VIII-related antigen; Ulex ϭ Ulex europaeus lectin.
factor VIII-related antigen; Ulex ϭ Ulex europaeus lectin.
between groups using U. europaeus lectin revealed that vessels than small fibroids (P ϭ 0.02) and more than both inner (P ϭ 0.02) and outer regions of large fibroids (P ϭ Myometrium Inner large Outer large Small fibroid (n ϭ 10) fibroid fibroid (n ϭ 5) 0.006) ( Table I ).
(n ϭ 9) (n ϭ 9) 0.02). There was also reduced staining for CD31 in small fibroids compared with staining for CD34 (P ϭ 0.01) and a P ϭ 0.04 inner regions of large fibroids compared with small fibroids.
FVIII (P ϭ 0.03). There were no other differences seen.
b P ϭ 0.004 myometrium compared with small fibroids. c P ϭ 0.005 inner regions of large fibroids compared with small fibroids. d P ϭ 0.02 outer regions of large fibroids compared with small fibroids.
Microvascular density quantification
e P ϭ 0.04 myometrium compared with small fibroids.
Comparison of average microvascular density using CD31
f P ϭ 0.02 inner regions of large fibroids compared with small fibroids. ND ϭ no data included in study (see Materials and methods); FVIII ϭ between groups revealed that there were significantly more factor VIII-related antigen; Ulex ϭ Ulex europaeus lectin.
blood vessels in myometrium than outer regions of large fibroids (P ഛ 0.05). There was also a trend for more blood vessels in myometrium than in small fibroids but this did not no data from myometrial sections, comparison of average microvascular density for CD34 for inner regions of large reach statistical significance. With no data from myometrial sections, comparison of average microvascular density for fibroids revealed larger vessels in this tissue compared to small fibroids (P ϭ 0.004). Comparison of average vascular CD34 between the remaining groups revealed no significant differences. Comparison of average microvascular density for luminal diameter for FVIII between groups revealed larger blood vessels in myometrium than small fibroids (P ϭ 0.004) FVIII between groups revealed that there were significantly more blood vessels in myometrium than both outer (P ϭ 0.02) and smaller vessels in small fibroids compared with both inner (P ϭ 0.005) and outer regions of large fibroids (P ϭ and inner regions of large fibroids (P ϭ 0.04). Comparison of average microvascular density for U. europaeus lectin between 0.02). Comparison of average vascular luminal diameter for U. europaeus between groups revealed larger blood vessels in groups revealed that there were significantly more vessels in myometrium than small fibroids (P ϭ 0.009) and more than myometrium than small fibroids (P ϭ 0.04) and smaller vessels in small fibroids compared with inner (P ϭ 0.02) regions of in both outer (P ϭ 0.01) and inner (P ϭ 0.01) regions of large fibroids (Table II) . large fibroids. There was a trend for smaller blood vessels in small fibroids compared with outer regions of large fibroids Comparing microvascular density between vascular markers within each individual tissue revealed no significant differbut this did not reach statistical significance (Table III) .
Comparing vascular luminal diameter between vascular ences, but there was a trend for reduced numbers of blood vessels in small fibroids stained for CD31 compared with markers within each individual tissue revealed smaller luminal diameter in inner regions of large fibroids stained for staining for CD34.
CD34 compared with FVIII (P ϭ 0.03) and U. europaeus Vascular luminal diameter quantification lectin (P ϭ 0.04). There was greater luminal diameter staining in outer regions of large fibroids for CD31 compared with Comparison of average vascular luminal diameter for CD31 between groups revealed no significant differences. With CD34 (P ϭ 0.04). For small fibroids there were greater diameter vessels stained for CD31 compared with FVIII (P ϭ size. One such genetic aberration described in other tumour 0.04) and a similar trend for CD34 and U. europaeus which tissues is the disruption of expression of hypoxia inducible did not reach statistical significance.
factor (HIF)-1α, the reduced expression of which prevents formation of large vessels and impairs vascular function, resulting in hypoxic microenvironments within the tumour Discussion mass (Carmeliet et al., 1998) . Similarly, genetic aberrations Our studies measuring proportional area stained as an indicator leading to differences in tissue production or response to of vascular density have shown that myometrium has a angiogenic inhibitors such as angiostatin (O'Reilly et al., 1994 ) significantly greater microvascular density than small fibroids may also account for differences between myometrium and using CD31 and both inner and outer regions of large fibroids fibroid microvascular density. Reduced microvascular density using FVIII, and than small fibroids and both regions of large in fibroids as a result of differences in tissue production and fibroids using the lectin U. europaeus.
response to angiogenic promoters and inhibitors may also Microvascular density, measured by discrete microvessel account for the clinical picture of degeneration within some count, was significantly higher in myometrium than all uterine of these tumours. fibroid groups using U. europaeus lectin, and than both regions
An alternate hypothesis to explain the differences in microof large fibroids using FVIII, and than outer regions of large vascular density between myometrium and fibroids is that fibroids using CD31.
changes induced in the vasculature of the myometrium result Our quantitative microvascular density data agree in part in an increase in vascular density of this vascular bed relative with the qualitative results of Sampson (1912) who reported to that of fibroids. While research by Farrer-Brown et al. that small uterine fibroids are usually less vascular than the described the vasculature of fibroids as a localized expansion surrounding myometrium. However, Sampson (1912) also of the host myometrium, they also observed that the presence reported that the vascularity of large fibroids was typically of these tumours induced changes in the vasculature of the greater than that of myometrium, an observation supported by myometrium within the myomatous uterus (Farrer-Brown et al., others (Kurjak et al., 1992) in assessing tumour vascularization 1970b). Increased microvascular density in myometrium may using transvaginal colour Doppler ultrasound. In contrast to be the result of the action of angiogenic factors induced by these studies, our quantitative data show that the vascular small uterine fibroids. These tumours, small in size with density of myometrium is in general greater than that of large minimal intrinsic blood supply, may release angiogenic prouterine fibroids.
moters which lead to an increase in the vascular density of It is thought that the growth of a tumour is limited by its the surrounding myometrium. This increase in vascular density blood supply, with tumours dependent upon the ingrowth of of the myometrium surrounding these fibroids may in turn capillary sprouts from surrounding tissues for growth beyond give rise to capillary sprouts that vascularize the small fibroid, a diameter of a few millimetres (Alberts et al., 1994) . The promoting its growth and enlargement. This increase in vascular differences in vascular density between myometrium and density of myometrium may account for the symptoms of uterine fibroids may represent a difference in angiogenesis and menorrhagia observed in women with fibroids and the problems vascular remodelling in these vascular beds. These differences with bleeding often present during myomectomy. Alternatively, in angiogenesis may be the result of changes in the balance fibroids may have reduced angiogenic response or increased between angiogenic promoters and inhibitors. Such factors angiogenesis inhibitors such that the myometrium responds by regulate the growth of blood vessels through a complex increasing peri-fibroid vascular growth and blood flow in an combination of signals. Angiogenic promoters, such as attempt to compensate. This may result in the peri-fibroid vascular endothelial growth factor (VEGF) and members of vascular plexus that can be a major source of bleeding at the fibroblast growth factor (FGF) family of proteins, are often myomectomy. up-regulated by stimuli such as hypoxia, tissue damage or new It may also be that the vascular density in myometrium and tissue growth (Stewart and Nowak, 1996) . VEGF mRNA fibroids is the same if calculated per smooth muscle cell, as a expression has been reported present in uterine leiomyoma greater percentage of fibroid tissue is composed of extracellular and myometrium with no difference in expression between the matrix compared to myometrium. Also, the myometrium may tissues (Harrison-Woolrych et al., 1995) . In addition, a cyclic be more vascular simply to meet its functional demands such variation in VEGF mRNA expression was found in as growth during pregnancy or contraction during menstruation. myometrium, but not in fibroids (Harrison-Woolrych et al., We found a number of differences in vascular diameter 1995). Of particular interest is a report (Brown et al., 1997) between tissues. In general there were larger vessels in which demonstrated the presence of VEGF receptors, flt-1 and myometrium and large fibroids compared with small fibroids KDR, typically found only on vascular endothelial cells and using CD34, FVIII and the U. europaeus lectin. Farrer-Brown on myometrial smooth muscle cells. They also demonstrated et al. (1970b) observed greater average vascular diameter in that the proliferative effect of VEGF on these cells is of the myometrium. They observed displacement and distortion of same magnitude as that on endothelial cells, although the role the surrounding arcuate and radial arteries and compression and regulation of this mitogen in myometrial biology is unclear.
and distention of arcuate venous plexi of the myometrium. In Genetic aberrations in fibroids may lead to a greater tolerance addition to these direct compression effects of the uterine for angiogenic stimuli or a reduced capability to produce or respond to angiogenic promoters as the fibroid increases in fibroids on the vasculature, dilation and congestion of the vasculature of myometrium was observed distant to the site symptoms, especially menorrhagia, in different patients with fibroids but may also lead to novel treatments for these of the uterine fibroid.
Differences in immunostaining for each vascular marker common tumours. may reflect the function of these markers and changes in the normal vascular physiology. CD31 glycoprotein, also known
